The heme-copper oxidase (HCuO) superfamily consists of integral membrane proteins that catalyze the reduction of either oxygen or nitric oxide. The HCuOs that reduce O 2 to H2O couple this reaction to the generation of a transmembrane proton gradient by using electrons and protons from opposite sides of the membrane and by pumping protons from inside the cell or organelle to the outside. The bacterial NO-reductases (NOR) reduce NO to N2O (2NO ؉ 2e ؊ ؉ 2H ؉ 3 N2O ؉ H2O), a reaction as exergonic as that with O2. Yet, in NOR both electrons and protons are taken from the outside periplasmic solution, thus not conserving the free energy available. The cbb 3-type HCuOs catalyze reduction of both O2 and NO. Here, we have investigated energy conservation in the Rhodobacter sphaeroides cbb3 oxidase during reduction of either O2 or NO. Whereas O2 reduction is coupled to buildup of a substantial electrochemical gradient across the membrane, NO reduction is not. This means that although the cbb3 oxidase has all of the structural elements for uptake of substrate protons from the inside, as well as for proton pumping, during NO reduction no pumping occurs and we suggest a scenario where substrate protons are derived from the outside solution. This would occur by a reversal of the proton pathway normally used for release of pumped protons. The consequences of our results for the general pumping mechanism in all HCuOs are discussed.
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cbb3 ͉ flow-flash ͉ nitric oxide ͉ proton pumping ͉ pathway T erminal oxidases catalyze the last step in the respiratory chain: the reduction of oxygen to water (see Eq. 1a). The enzymes of the respiratory chain are located in the mitochondrial inner membrane (of eukaryotes) or the inner cell membrane (of bacteria). Most terminal oxidases belong to the family of hemecopper oxidases (HCuOs), which get their name from their catalytic O 2 -binding center that is composed of a heme and a copper ion. Heme-copper oxidases couple the exergonic O 2 reduction to the generation of a proton electrochemical gradient across the membrane. This is achieved in 2 ways: first, electrons and protons used to reduce O 2 to H 2 O (Eq. 1a) are derived from opposite sides of the membrane; electrons from donors (often a cytochrome c) in the ''outside'' [positive (P) side] solution, and protons from the ''inside'' [negative (N) side]. Second, HCuOs are proton pumps, i.e., they translocate protons through the protein across the membrane (Eq. 1b). The resulting proton gradient is then used by the organism for energy-requiring processes.
The most studied heme-copper oxidases are of the type found in mitochondria, the aa 3 -type oxidases. These oxidases contain, in their catalytic subunit I, a low-spin heme a and a high-spin heme a 3 . Heme a 3 forms, together with a Cu-ion close by (Cu B ), the catalytic site of oxygen reduction. There is an additional redox cofactor, Cu A , that is bound to the extramembrane part of subunit II, a membrane-anchored protein. Protons are transferred through 2 proton pathways, the D pathway, leading from an aspartate (D-132, Rhodobacter sphaeroides aa 3 numbering) at the cytoplasmic surface up to a glutamate (Glu-286) close to Cu B , and the K pathway leading via lysine (K-362) up to the active site. The D pathway is presumably used for 6 or 7 of the 8 protons transferred per turnover, the protons used during oxidation of the active site, and the pumped protons. The K pathway is used for the remaining 1-2 protons that are taken up during reduction of the active site (1, 2). The pathway from the active site to the outside solution, used for the output of pumped protons, is largely unknown. Heme-copper oxidases of the cbb 3 -type were first found in nitrogen-fixing and pathogenic bacteria, where they are expressed under low oxygen tension and have a lower K m for O 2 than other HCuOs (3). The purified cbb 3 oxidase consists of 3 cofactor-containing subunits: CcoN, related to the subunit I of the aa 3 -type, which contains the high-spin heme b 3 -Cu B catalytic site and a low-spin heme b; CcoO that contains 1 c-type heme; and CcoP that contains 2 c-type hemes (4). There is also possibly a 4th small subunit, CcoQ (5), but with no cofactors. Sequence alignments of the catalytic subunits in the HCuO family have shown that in the cbb 3 -type oxidases there is no equivalent to the D pathway, and the pattern of conserved residues supports the presence of only 1 proton input pathway up to the catalytic site, spatially analogous to the K pathway (6, 7). The cbb 3 -type oxidases, however, have been shown to pump protons (8, 9) .
Sequence alignments have also identified a different member of the family of heme-copper oxidases: the bacterial NOreductase (NOR) (10, 11) . The NORs perform part of the denitrification process, reducing NO to N 2 O (see Eq. 2).
Instead of the copper in the catalytic site, NORs contain a nonheme iron, which is thought to be important for efficient NO reduction. There are no crystal structures available for the cbb 3 oxidases or the NORs, but models have been generated based on the homology to the known oxidase structures (12) (13) (14) (15) . In significant contrast to the O 2 -reducing HCuOs, NORs do not couple the energetically downhill reduction of NO, which is as exergonic as O 2 reduction, to the generation of a proton gradient across the membrane. NO reduction by NOR is thus nonelectrogenic (14, 16, 17) and protons are taken up from the outside (periplasmic) solution (14) . Different reasons are possible for the lack of coupling of NO reduction to the generation of a proton gradient. It is either determined by the enzyme, such that NORs have evolved into rapidly removing toxic NO rather than conserving energy, or it is determined by the substrate such that the chemical properties of the NO intermediates would make it difficult to couple the reaction to proton translocation (see refs. 14 and 18 and Discussion). Among the O 2 -reducing HCuOs, the cbb 3 type is the closest relative to NOR, and interestingly, the cbb 3 -type oxidase from Pseudomonas stutzeri was shown to have a substantial NO reduction activity of Ϸ2 e Ϫ s Ϫ1 , in contrast to the mitochondriallike aa 3 -type oxidases that show no such activity (19, 20) . The capability of the cbb 3 s to reduce NO leads to the possibility to resolve the question about whether the substrate or the protein determines whether NO reduction can be linked to proton pumping; that is, do the cbb 3 oxidases pump protons also while reducing NO? In this study we have explored this issue by studies of the effect of uncouplers on the steady-state reduction of O 2 and NO in liposome-reconstituted cbb 3 . In addition, we have studied oxidation of the fully reduced cbb 3 oxidase time-resolved by using the flow-flash technique in combination with electrometric detection and optical spectroscopy. Our results suggest that NO reduction is not coupled to proton translocation and we suggest that protons consumed in the reaction (see Eq. 2), are taken from the outside, periplasmic solution. Possible reasons for such uncoupling and its implications for the general pumping mechanism for HCuOs are discussed.
Results
Catalytic Activity with O2 and NO of the Detergent-Solubilized and Liposome-Reconstituted R. sphaeroides cbb3 Oxidase. The turnover activity with O 2 in the solubilized cbb 3 varied between 250 and 600 e Ϫ s Ϫ1 for different preparations. The R. sphaeroides cbb 3 was also found to catalyze NO reduction, with turnover numbers in the range from 2 to 10 e Ϫ s Ϫ1 , higher than other published activities for heme-copper oxidases [0.05 e Ϫ s Ϫ1 and 0.5 e Ϫ s
Ϫ1
for the ba 3 and caa 3 from Thermus thermophilus, respectively (20) and Ϸ2 e Ϫ s Ϫ1 for the cbb 3 from Pseudomonas stutzeri (19) ]. The liposome-reconstituted cbb 3 had an uncoupled activity similar to that of the solubilized enzyme, and showed a respiratory control ratio of 3-7 when reducing O 2 . However, with NO, the respiratory control ration (RCR) was Ϸ1, indicating that NO reduction does not lead to the generation of a transmembrane proton gradient. Because NO reduction is much slower than O 2 reduction, and could thereby be associated with smaller RCRs because of slow proton leaks across the membrane, the RCR with O 2 was also measured at low mediator [N,N,NЈ,NЈ-tetramethyl-p-phenylenediamine (TMPD) ϭ 10 M] concentration where the uncoupled rate was 4.5 e Ϫ s Ϫ1 , i.e., similar to k cat with NO. The RCR at this slower O 2 turnover was 2.3.
The Reaction of Fully Reduced cbb3 with O2 or NO; Time-Resolved
Optical Detection. Fig. 1 shows the progress of the flow-flash reaction where the substrate (O 2 or NO) is mixed rapidly with the fully reduced CO-bound cbb 3 , CO is then flashed off, allowing the substrate to bind and oxidize the cbb 3 .
With O 2 , the major phase of oxidation has a time constant () ϭ 1 ms (k ϭ 1,000 s Ϫ1 ), and is seen in both the Soret region (see examples at 420 nm and 430 nm in Fig. 1 ), reporting the oxidation of all heme groups, and in the alpha region, shown at 550 nm and 560 nm in Fig. 1 , reporting the oxidation of the low-spin hemes c and b, respectively.
With NO as the oxidant, the major phase of oxidation has a ϭ 250 ms (k ϭ 4 s Ϫ1 ), with amplitudes similar at all wavelengths to those obtained with O 2 .
At 560 nm, reporting the oxidation of the low-spin heme b, the amplitude varied between experiments for both substrates, and sometimes re-reduction was seen at longer times (on the timescale of seconds; data not shown). It should be noted that the fully reduced cbb 3 contains 6 electrons (on the 2 c-hemes in CcoP, the heme c in CcoO, on the low-spin heme b, as well as on the high-spin heme b 3 and the Cu B in CcoN), whereas the complete reduction of O 2 to H 2 O requires 4 electrons, which means that presumably 2 electrons remain somewhere in the protein after a single turnover. With NO, 2 electrons reduce 2 NOs to N 2 O, so the enzyme contains enough electrons for 3 turnovers. However, the extent of oxidation was similar for NO and O 2 , indicating that the reaction comprises 2 turnovers with NO. It is possible that the end product with NO after the ϭ 250 ms phase has NO bound to the oxidized active site, inhibiting further electron transfer.
The Reaction of Fully Reduced cbb3 with O2 or NO; Electric Potential
Generation. Fig. 2 shows the progress of the generation of electric potential in the flow-flash reaction where the substrate (O 2 or NO) is injected into the chamber with the fully reduced CObound cbb 3 in liposomes attached to a Teflon membrane.
With O 2 as the oxidant, the major phase has a time constant of 1-2 ms (k ϭ 500-1,000 s Ϫ1 ), corresponding to the major phase in the optical measurements. There is also a slower phase with a time constant and amplitude that vary with mediator [hexaamineruthenium(II)-chloride (HARC)] concentration.
With NO as the oxidant, the small signal of negative electric potential generation had a time constant of 250 ms (k ϭ 4 s Ϫ1 ), correlating well to the kinetics seen in the optical flow-flash measurements. The size of the signal with NO relative to that with O 2 varied between experiments; it was on average 20 Ϯ 10 (SD, n ϭ 5) % of the amplitude of the ϭ 1 ms phase with O 2 (see in Fig. 2 Inset). We interpret the variation in amplitudes to be mainly due to a variation in the reduction level of the oxidase at the initiation of the reaction, which should vary ''in both directions,'' i.e., lead to both over-and underestimation of the signal size with NO, which would make the average signal the best estimation.
As a control that NO did not induce irreversible changes to the vesicles and/or Teflon coating, we repeated an O 2 injection after the NO injection and obtained traces similar to the original O 2 traces (data not shown).
To verify that the small negative signal with NO is due to oxidation of the protein and not to NO binding that can occur with any heme-copper oxidase, we studied the same reaction in the aa 3 oxidase from R. sphaeroides, which gave no signal.
We note that the signal with O 2 contains contributions from both rapid oxidation of the reduced cbb 3 and, in part, also slower multiple turnover (or re-reduction; see Discussion) and that this multiple turnover could ''hide'' a relaxation of the membrane due to proton leaks on the timescale of the measurements with NO, leading to an underestimation of the size of the signal. Several lines of evidence point to this not being a major problem. First, when the mediator concentrations were kept low, we observed smaller O 2 signals in total (these signals were not used for comparison with NO), but they contained no or very little slower phases, and from these experiments we could estimate better the ''true'' relaxation rates, which were still 1 s Ϫ1 or slower (data not shown; see also Materials and Methods). Second, experiments on aa 3 oxidase from R. sphaeroides using the same experimental setup as here give similar amplitudes for the WT oxidase as for mutant oxidases where rate constants are comparable to those observed here for the reaction with NO (H.L. and P. Brzezinski, unpublished data).
The Reaction of Fully Reduced cbb3 with O2 or NO; Proton Uptake from Solution. To investigate whether the much smaller degree of generation of electric potential in cbb 3 with NO compared with O 2 was due to a much smaller degree of coupling of the electron transfer to proton uptake, we studied pH changes in solution during oxidation of the fully reduced detergent-solubilized cbb 3 by either O 2 or NO by using a pH-sensitive dye. The results, shown in Fig. 3 , clearly demonstrate that protons are taken up from solution during both O 2 and NO reduction, coupled to the major phases of oxidation as shown in Fig. 1 .
The somewhat smaller amplitude observed with NO is presumably due to a somewhat higher buffering capacity of the NO solution.
Discussion
The cbb 3 type oxidase from R. sphaeroides catalyzes both O 2 and NO reduction. The measured NO reduction activity of 2-10 e Ϫ s Ϫ1 is higher than any published for a heme-copper oxidase, excluding the NORs. The turnover NO reduction activity is presumably not associated with generation of a transmembrane proton gradient, as manifested in the RCR of 1, whereas turnover O 2 reduction is associated with an RCR of 3-7 (remaining at Ϸ2.5 when the turnover rate is comparable to that with NO; see Results). During oxidation of the fully reduced cbb 3 we show that electron transfer from the hemes takes place with time constants of Ϸ1 ms with O 2 and 250 ms with NO as the substrate. Both processes are coupled to the uptake of protons from the bulk solution, but only the reaction with O 2 is associated with generation of a significant negative voltage across the membrane. We thus conclude that when the cbb 3 reduces O 2 , substrate protons are used from the inner cytoplasmic space, and in addition, protons are presumably pumped across the membrane (see below). In contrast, when NO is the substrate, no pumping occurs and, furthermore, we suggest a scenario where the substrate protons needed for the reduction of NO to N 2 O (see Eq. 2) are taken from the outer (periplasmic) solution. Fig.  4 shows a schematic summary of this suggested scenario.
Generation of Electrical Potential. With O 2 as the oxidant, electrical potential is generated with ϭ 1-2 ms, correlating with the time constant of heme oxidation observed by using optical detection. There is also a smaller slower phase with no clear counterpart in the optical data. This voltage change is presumably due to electron and proton flow during re-reduction or turnover resulting from the excess ascorbate present so that when comparing the amplitudes for O 2 and NO, we only use the ϭ 1 ms phase for O 2 . This way, the size with NO corresponds to 20 Ϯ 10% of that with O 2 .
Among the heme centers in cbb 3 oxidase, only electron transfer from the c-type hemes in CcoO and CcoP into the catalytic subunit (see Fig. 4 ) gives rise to electric potential. From the sizes of the optical signals at 550 nm, we estimate that all 3 c-type hemes oxidize with both O 2 and NO (Fig. 1) . From the size of the proton uptake signal (Fig. 3 ), we estimate that Ϸ2 H ϩ are taken up when O 2 is the oxidant (similar to the scenario in aa 3 oxidases where Ϸ2 H ϩ are taken up during oxidation and Ϸ2 H ϩ are ''preloaded'' on reduction (see, e.g., ref. 21 ). For simplicity, we will assume that the active site is located halfway through the membrane dielectric. In this way, the scenario that best fits the experimental data is the one where, during the ϭ 1 ms phase with O 2 , 3 electrons move from the c-type hemes into the catalytic subunit, 2 substrate protons move from inside the vesicle to the active site, and we will assume that 1 proton is pumped across the membrane, leading to the transfer of Ϫ3.5 charge equivalents across the membrane in total. Our measurements do not discriminate between substrate and pumped protons; the pumping of 1 proton during this phase is a suggestion based on the observation of pumping of Ϸ0.5H ϩ /e Ϫ (which is half of that observed for ''classical'' oxidases like the bovine or R. sphaeroides aa 3 ) observed for cbb 3 turnover in proteoliposomes (8) .
During the ϭ 250 ms phase with NO, 3 electrons still move from the c-type hemes, leading to the transfer of Ϫ1.5 charge equivalents (43% of Ϫ3.5) across the membrane, which is larger than the average observed signal, which was 20% of the rapid O 2 signal. Therefore, we suggest that the substrate protons we know to be taken up (see Fig. 3 ) come from the outside solution to compensate. Assuming the uptake of 2 H ϩ , the total charge transferred would be Ϫ0.5 (Ϫ1.5 ϩ 1), which is 14% of the Ϫ3.5 charges with O 2 , within the errors observed correlating with observed amplitudes. Although in our measurements the amplitude with NO relative to that with O 2 varied quite substantially between experiments, it was never Ͼ 30% of the O 2 signal. Assuming this most extreme case, and taking other uncertainties into account (like the stoichiometry of proton uptake), uptake of substrate protons would occur from either side of the membrane leading to a total of Ϫ1.5 charge equivalents transferred, which is 43% of the presumed Ϫ3.5 charge equivalents moved with O 2 .
We note that in the time-resolved experiments presented in this study, the reductive phase is separated from the oxidative phase and the reaction is initiated from the fully reduced, CO-bound enzyme, when the oxidant (O 2 or NO) is added. Where the protons presumably ''preloaded'' on reduction come from, and to where they are transferred is not known. It is possible that during steady-state turnover conditions, where our RCR measurements indicate that all protons for NO reduction come from the outside, the fully reduced state is never significantly populated so that no intermediates are shared between O 2 and NO reduction.
Proton Transfer During NO Reduction in cbb3 Oxidase. Also the bacterial NO-reductases (NORs) belong to the superfamily of heme-copper oxidases. However, even though NO reduction is similarly exergonic to O 2 reduction, NORs do not pump protons, and substrate protons are taken from the periplasmic solution (14, 16, 17) . Because the electrons also are donated from the same side of the membrane, the reaction is nonelectrogenic. Several explanations for this lack of electrogenicity have been suggested. For example, because NO is a toxic molecule, the protein has evolved to reduce it quickly rather than to preserve energy (22) , or it has been suggested that the reason is more ''chemical,'' i.e., that NO reduction does not result in the formation of intermediates with high enough pK a s, making it mechanistically difficult to couple proton translocation to the reaction (14, 18) . Investigation of the coupling between NO reduction and proton translocation in the cbb 3 oxidases should be informative in this regard, because these proteins, in contrast to the NORs, have the capability to pump during O 2 reduction, so all structural elements needed for pumping are present. The results presented here, both RCR measurements and measurements of generation of electrical potential, indicate that there is no generation of electrochemical proton gradient in cbb 3 s during NO reduction. This means that no protons are pumped and we prefer a scenario where the substrate protons are derived from the outer periplasmic solution. This, in turn, supports the explanation that NO reduction is mechanistically difficult to couple to proton translocation in any protein, presumably because of the unfavorable pK a s of the intermediates involved. Because NO reduction is presumably not of physiological importance in cbb 3 , they should not have developed a separate proton transfer pathway for this task. Thus, the substrate protons presumed to be taken from the outside solution are more likely transferred by reversing the direction of the pathway normally used for the output of the pumped protons. Little is known about the output path for pumped protons in HCuOs, both for the mitochondrial-like oxidases and the cbb 3 s. However, the cbb 3 s share 2 conserved glutamate residues at the ''outer'' protein surface with the NORs, which use protons from the periplasmic side. In NOR, these glutamates (Glu-122 and Glu-125, Paracoccus denitrificans NOR numbering) are needed for efficient catalysis (23) and they were recently shown to be specifically involved in the proton pathway and to define the proton donor to the active site (24) . Mutation of the corresponding residues in the R. sphaeroides cbb 3 leads to a significant reduction in O 2 -reducing activity (7), consistent with a direct involvement in proton transfer.
So, why would the cbb 3 oxidase reverse the proton transfer pathway when reducing NO? In the flow-flash experiments presented here, we are measuring the potential generation during the very first turnover, i.e., in the absence of a transmembrane charge gradient, so it would be ''as easy'' to pull protons from the inside as from the outside. We suggest that the reason for proton uptake from the outside is the same as for not pumping protons with NO, i.e., that the pK a s of intermediates generated at the active site are not high enough to pull protons from the ''normal'' proton donor. In the cbb 3 s, the identity of the immediate proton donor to the active site during O 2 reduction is not known, but in the mitochondrial-like CcOs, this proton donor, Glu-286 (25) (R. sphaeroides aa 3 numbering) has a pK a Ͼ 9 (26). So, presuming that the normal proton donor, sitting in the pathway leading from the inside, has a pK a that is too high to be deprotonated by the NO intermediates, protons would instead be pulled from a donor with a lower pK a , a candidate being one of the glutamates at the surface. In NOR, the proton donor located in this region has a pK a of 6.6 (27) .
The reason for why some O 2 -reducing HCuOs can also reduce NO and others can not is not known, but has been suggested to be related to the affinity of Cu B for ligands such as CO (20) . As an alternative suggestion, we can speculate that the presence of a glutamate(s) (at the outer surface of the protein) with a pK a suitable for proton transfer to NO reduction intermediates is part of the reason why the cbb 3 s can reduce NO.
Assuming that all proton-pumping heme-copper oxidases use the same mechanistic principles for pumping, the uncoupling we presume occurs with NO where the total free energy available is as high as for O 2 , but where the intermediates are presumably formed with lower pK a s, puts serious restraints on possible models for such a mechanism.
Materials and Methods
Cell Culture and Purification of the cbb3 Oxidase. R. sphaeroides cells from the strain cbb 3⌬, carrying the overexpression plasmid pUI2803NHIS (5), was grown as described in ref. 5 . Isolation of the cell membrane fraction and Ni 2ϩ -affinity purification of the cbb 3 oxidase were carried out essentially as in ref. 5 , with the following exceptions. The membrane fraction was solubilized with 0.5% (wt/vol) n-dodecyl ␤-D-maltoside (DDM). After 3 h of binding to the Ni resin, the mixture was loaded onto a column and washed with buffer A (20 mM Tris⅐HCl, pH 8.0, 100 mM KCl, and 0.01% (wt/vol) DDM) containing 5 mM [6 column volumes (CVs)], 10 mM (4 CVs), and finally 25 mM imidazole (1 CV). The bound cbb 3 oxidase was then eluted with a stepwise gradient of buffer A containing 75 mM, 100 mM, and 150 mM histidine, and glycerol was added to final concentrations of 30%. The purified protein was stored at Ϫ80°C until used. The concentration of the purified cbb 3 was determined from the reduced-oxidized difference spectra by using a of 35 mM Ϫ1 cm Ϫ1 at 550 nm.
Determining cbb3 Steady-State Reduction Rates of O2 and NO. The O2 and NO reduction activities of cbb 3 oxidase were measured by using a Clark-type electrode (Hansatech) with a variable voltage setting (polarized at Ϫ0.7 V for O 2 and Ϫ0.8 V for NO) essentially as in ref. 28 . In brief, for NO reduction, the chamber was kept anaerobic by a gentle stream of N 2, and the buffer contained the glucose/glucose oxidase/catalase system (30 mM glucose, 1 unit/ml glucose oxidase, and 20 units/ml catalase) to remove any remaining O 2. Substrate NO was added by repeated injections of small volumes of saturated (2 mM) NO buffer. The reaction buffer typically contained 25 mM Hepes, pH 7.5, 100 mM KCl, 5 mM ascorbate, 0.5 mM TMPD, 0.1 mM horse-heart cytochrome c 0.01% DDM (for solubilized cbb 3, and 250 M O2 or 150 M NO.
Reconstitution of cbb3 into Liposomes and Measurements of Respiratory Control
Ratio. Reconstitution of cbb 3 into liposomes was induced by additions of BioBeads (BioRad) to a mix of cbb 3 and liposomes made from soybean lipids (Sigma) solubilized in cholate as described in ref. 29 . For the vesicles used in the electrical measurements, glycerol was added to 30% before instant freezing in liquid nitrogen and storage at Ϫ80°C [an RCR (see below) of Ͼ3 was retained in the thawed vesicles]. The orientation of cbb 3 in the liposomes, measured essentially as in ref. 30 , was 90 -95% ''right-side out,'' i.e., with the soluble parts of CcoO and CcoP subunits facing the outside solution.
To investigate whether a proton gradient was created across the membrane during turnovers with both O 2 and NO, the respiratory control ratio (RCR) was measured. The RCR is the ratio between the activity obtained after adding valinomycin (a potassium-specific ionophore removing the electrical component of any formed proton gradient) and carbonyl cyanide-ptrifluoromethoxyphenyl-hydrazon (FCCP; a protonophore abolishing the chemical proton gradient) and the activity before these additions.
Flow-Flash Measurements; Optical Detection of Heme Oxidation and Proton
Uptake. The flow-flash measurements were performed on a setup described in ref. 31 . Cbb 3 solubilized or in liposomes was fully reduced with 2 mM ascorbate in the presence of 1 M HARC before being exposed to CO in a modified Thunberg cuvette. The CO-bound protein (we noted that CO bound to both the b 3 and to one of the c-type hemes as described in ref. 32 , but to a degree that varied between samples and did not significantly influence the results described) was then mixed with saturated O 2 (1.2 mM) or NO (2 mM) in 25 mM Hepes, 100 mM KCl (plus 0.01% DDM for solubilized protein) in a modified stopped-flow apparatus (Applied Photophysics). The protein concentration after mixing was 1.5-2 M. After a 200-ms delay, a laser flash (Nd:YAG laser, Quantel) was applied, dissociating CO from the active site and allowing the substrates to bind and oxidize the protein. These reactions were monitored optically at different wavelengths to study oxidation of the different hemes. The spontaneous rate constant of CO dissociation from the b 3 heme was measured at 430 nm in the same setup without flashing, to 0.3 s Ϫ1 .
To measure proton uptake during oxidation of the cbb 3, the protein was concentrated and passed through a PD-10 column (Amersham Biosciences) equilibrated with 100 mM KCl, 0.03% DDM, 50 M EDTA, pH Ϸ 7.6, to remove the buffer in the solution. Phenol red was added to 40 M and the pH adjusted to Ϸ7.6. The protein sample was then reduced and CO bound as described before. The substrate-mixing solutions were prepared by bubbling O2 or NO through solutions containing 100 mM KCl, 50 M EDTA, 0.03% DDM, and 40 M phenol red, pH Ϸ 7.6. Because NO reacts with any residual O2 and produces HNO3 through multistep reactions, it easily affects the pH in the unbuffered solution in a drastic way. To minimize such pH drifts, the glucose/glucose oxidase/catalase system was included in both the protein sample and the unbuffered NO-mixing solution. The pH of this solution was monitored by the absorbance of phenol red at 570 nm and adjusted just before the transfer to the flow-flash mixing syringes. The mixing solution containing buffer used as controls contained 50 mM Hepes, pH 7.6, 50 mM KCl, 50 M EDTA, 0.03% DDM, and 40 M phenol red.
Flow-Flash Measurements; Electrometric Detection. The setup for the electrical measurements was described in ref. 33 . In brief, the voltage changes during oxidation of the reduced protein by O2 or NO were measured by Ag/AgCl electrodes in 2 chambers separated by a thinly stretched lipid-coated Teflon film. Proteoliposomes containing 2-3 M cbb3 were added to 1 chamber and the attachment to the Teflon film was induced by addition of 10 mM CaCl2. The measurements were conducted in a solution containing 25 mM Hepes, pH 7.5, 100 mM KCl. The whole setup was then placed in an air-tight box, air was exchanged for N2, and then for CO. To reduce the cbb3, Ϸ4 mM ascorbate and 25-50 M HARC were added. The glucose/glucose oxidase/catalase system was also included in both chambers to remove residual O2 after each O2 injection. For injections with NO, 50 -100 M dithionite was added to the chamber that did not contain the proteoliposomes to ensure removal of residual NO after NO injections.
The rate of relaxation of the built-up potential back to the zero level in this setup depends in part on the tightness of the attached membrane vesicles, such that it puts an upper limit on the rate constant for proton leakage through the vesicles. This relaxation rate constant varied between experiments, but was typically slower or much slower than 1 s Ϫ1 (data not shown; see also Results), indicating well-sealed vesicles.
Data Handling and Analysis. Typically, for the flow-flash traces, 5⅐10 4 to 5⅐10 5 data points were collected and the number of data points reduced to Ϸ1,000 by averaging (on a linear or logarithmic timescale). Rate constants were obtained by fitting either separately or globally (when data from multiple wavelengths were used) to a model of consecutive irreversible reactions by using the software package Pro-K (Applied Photophysics). Alternatively, rate constants were fitted as a sum of exponentials in Sigmaplot (Jandel Scientific).
